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Abstract 
We report on softening strategies for thermo-reversible organoferrogels obtained by physical gelation of ferrofluids with gelators 
of the SEBS type (polystyrene-block-poly(ethylene-co-butylene)-block-polystyrene triblock copolymers). The first approach 
investigates a mixture of tri- and diblock copolymers, where the diblock copolymer could act as a plasticizer. The second 
approach tests triblock copolymers with a longer middle block, in this case the concentration and size of the crosslinking PS  
micellar cores should be smaller. Rheological, mechanical, magnetic, and morphological properties of these systems were studied 
and compared with the first generation of physical organoferrogels. Notably with both approaches we achieved a decrease of the 
softening temperature.  Such soft magnetic organogels are important for upcoming actuators due to their easy deformation in 
magnetic fields. 
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1. Introduction 
Magnetic field responsive soft materials attract an increasing interest in basic research [1] as well as in certain 
applications, like soft actuators or artificial muscles [2]. In comparison to covalently cross linked polymeric 
ferrogels [1], physical gels like thermo-reversible organoferrogels (FGs) [3, 4] offer some advantages. Due to the 
thermo-reversibility, the gelation process can easily be repeated many times, and the mechanical properties can be 
controlled by temperature. For example, this allows a casting of a ferrogel sphere in a mould and the measurement 
of the magneto-deformation of such a sphere in order to test theoretical predictions [5].   
5HFHQWO\ WKHPRUSKRORJ\DQGPDJQHWLFSURSHUWLHVRI)*V¶REWDLQHGE\SK\VLFDO JHOation of paraffin oil based 
magnetite ferrofluids (FFs) with two different SEBS gelators (Kraton G1650 (S15EB70S15
100
) and Kraton G1652 
(S15EB70S15
77
)), both 30 wt % PS, have been studied [3, 4]. Here, subscripts denote the content of the respective 
block in wt %, the superscript number gives the overall molecular weight in kg/mol. Electron microscopy 
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investigations revealed, WKDW WKHPDJQHWLWHSDUWLFOHVDUHSUHIHUDEO\ ORFDWHG LQ WKH³IUHH´VROYHQWSKDVHEHWZHHQ WKH
micellar clusters of the gelator. Dynamic moduli are nearly frequency independent at low temperature, meaning that 
in this case an elastic gel state, is present. For the previously studied gelators G1650 and G1652 the storage modulus 
*¶LVKLJKHUWKDQ3DLQWKHJHOVWDWH>@:LWKLQFUHDVLQJWHPSHUDWXUHWKHJHOVWDUWVWR³PHOW´DQGWUDQVIRUPV
into a visco-elastic fluid. In this transLWLRQUHJLRQ*¶GHFUHDVHVWRDERXW3DDWWKHFURVVRYHUSRLQWZLWKWKHORVV
PRGXOXV*¶¶,QWKLVUHJLPHDOD\HURI)*H[KLELWVWKH5RVHQVZHLJLQVWDELOLW\ZKHQDWKUHVKROGRIDKRPRJHQHRXV
magnetic field is surpassed [7]. However, in the gel state this instability is suppressed. In order to achieve this 
instability as well in the gel state, softer ferrogels with G´<1 kPa are required. 
In this work we investigate two softening approaches, namely i) using mixtures of tri- and diblock copolymers, 
and ii) utilizing triblock copolymers with longer middle blocks as gelators, both of the SEBS type. In the first case 
the diblock copolymer serves as a plasticizer, whereas in the second case the concentration and size of the cross 
linking PS micellar cores should be smaller.  
2. Experimental 
Paraffin oil Finavestan A50B (viscosity 13.6 mm
2
/s at 20 °C, M = 280 g/mol) was obtained from Total 
Deutschland GmbH. The SEBS triblock copolymers were obtained from Kraton Polymers: Kraton G1726 (30 % 
S15EB70S15
77
 + 70 % S15EB35
38
), and Kraton MD6932 (S10EB80S10
130
). The magnetite based FF in A50B with oleic 
acid as stabilizer and ferrogels (FGs) were prepared as described earlier [3]. 
Dynamic rheological measurements were performed on an Anton Paar MCR301 rheometer using a cone-plate 
geometry, applying a frequency of 1 Hz (temperature ramp), and a deformation of 5 %. Alternatively, the softening 
temperature of the gels was determined by the falling ball method (FBM) [3, 4]. The homogeneity of the neat gels 
1*V ³HPSW\´ SUHFXUVRr) and FGs was proven by optical microscopy. For TEM (Transmission Electron 
Microscopy) investigations, thin slices of the gels were prepared via cryo-cutting with an ultramicrotome, thawed to 
room temperature under force plates, and then investigated by means of a Zeiss CEM 902 electron microscope, 
operated at 80 kV. Moreover, we measured the magnetization curves of the samples with a Lake Shore VSM 7404 
magnetometer.  
3. Results and discussion 
 
 
 
 
 
 
 
 
 
    
 
 
Fig. 1. TEM micrographs of: a) NG with 5 wt % Kraton G1726, stained with RuO4 for 45 min (dPS core = 21 ± 2 nm); b) FG with 5 wt % Kraton 
G1726, cFF = 30 wt % (not stained). 
 
The concentration range where stable (for months), homogeneous ferrogels are formed, was found to be cgel = 5 - 
7 wt % for G1726, and cgel = 6 - 8 wt % for MD6932, with respect to paraffin oil. The magnetite concentration can 
be varied from 20 - 30 wt % per paraffin oil. In contrast to the cluster-like structure observed earlier for low gelator 
concentration [3, 4], in this case WKH QHWZRUN LV PRUH KRPRJHQHRXV DQG WKH ³IUHH´ SDUDIILQ DUHDV EHWZHHQ WKH
micellar clusters of the gelator are smaller. Above 7 wt % for G1726 and 8 wt % for MD6932, the magnetite 
SDUWLFOHV KDYH QRW HQRXJK VSDFHV DQG LQ FRQVHTXHQFH DUH ³H[SHOOHG´ RXW Rf the gel phase, forming a black 
precipitate. Fig. 1a shows the TEM micrograph of the cryo-cut NG with 5 wt % G1726 in A50B after 5 months 
annealing at room temperature. The aged gel exhibits a nearly close packing of gelator micelles. As a consequence 
b) a) 
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of the more compact gelator network, the magnetite nanoparticles in the corresponding FGs are distributed more 
homogeneously within the gelator matrix compared to earlier studied gelators [3, 4], as shown in Fig. 1b. FGs based 
on MD6932 (cgel = 6 wt %) show a similar morphology. Due to the lower PS fraction the size of the PS cores is 
smaller (dPS-core = 12 ± 1.5 nm). 
7KH³VRIWHQLQJ´ temperature, Tsoft, was determined by the FBM. For both NGs (Fig. 2a) and FGs (Fig. 2b), Tsoft 
is lower compared to that for the gelators G1650 and G1652. However, we are particularly interested in the 
mechanical properties in the gel VWDWHZKHUH*¶LVDOPRVWIUHTXHQF\DQGWHPSHUDWXUHLQGHSHQGHQW (plateau modulus 
*¶0).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Tsoft  versus cgel for NGs (a) and FGs (b) with gelators G1650 (1), G1652 (2), G1726 (3), and MD6932 (4), determined by FBM;  
 cFF = 21 wt % 
 
In Fig. 3 the results of the rheological investigations on the prepared NGs are shown in comparison with the 
behavior of earlier studied gelators G1650, and G1652. For mixtures of di- and triblock copolymers (G1726), a 
significant reduction up to 550 Pa (about 40 %) of the plateau modulus *¶0 could be achieved. In contrast, no 
reduction of *¶0 was observed for the gelator with the longer EB middle block (MD6932).  
 
 
 
 
 
 
 
 
 
 
 
 
)LJ6WRUDJHPRGXOXV*¶YHUVXVWHPSHUDWXUHIRU1*VZLWKJHODWRUV***and MD6932 (4); cgel = 5 wt %. 
 
However, for the FGs the plateau modulus *¶0 in the gel state was about 1000 Pa or even higher (Fig. 4) i.e. 
comparable to that for the earlier used gelators (G1650, G1652).  
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Fig. 4. Plateau modulus G0¶YHUVXVcgel for FGs with gelators G1650 (1), G1652 (2), G1726 (3), and MD6932 (4); cFF = 21 wt %. 
 
Magnetization experiments on FGs based on G1726 and MD6932 (Fig. 5) revealed the expected  typical 
superparamagnetic behaviour at room temperature without any hysteresis. We find a saturation magnetization of 
about 12 - 14 kA/m. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Magnetization curves for ferrogels: 5 wt % G1726,  cFF = 30 wt % (1); 6 wt % MD6932, cFF = 28 wt % (2). 
 
4. Conclusion   
 
Utilizing these new gelators allows a reduction of the softening temperature of the ferrogels. This shifts the 
temperature range of viscoelasticity, where the Rosensweig instability can be observed, to a more convenient regime. 
However, the more important reduction of the gel strength (G0¶ZDVDFKLHYHGIRUWKHQHDWJHOVRQO\2EYLRXVO\WKH
high load of magnetic nanoparticles dominates the elastic behaviour. This might be attributed to a filler effect of the 
nanoparticles being concentratHGLQWKH³IUHH´SDUDIILQRLODUHDV 
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